Flow cytometry analysis of the cell-cycle progression was performed in Sf9 cells infected with Autographa californica nucleopolyhedrovirus (AcNPV) in the cultures partially synchronized by aphidicolin exposure and deprivation. Cells infected with AcNPV during the G1 phase progressed and were arrested in the S phase in the 4 h following the infection, whereas cells infected during the S phase did not progress past the S phase. Cells infected during the G2/M phase remained in the G2/M phase without mitosis during a period of 10 h. Such cell-cycle arrest was also observed in the cells infected with ts8, a temperature-sensitive mutant of AcNPV that is defective in both genomic DNA synthesis and late gene expression. Cells with Ͼ4 N DNA content accumulated in the cultures infected with wild-type AcNPV, whereas no such cells appeared in the cultures infected with ts8, suggesting that viral origin of the DNA overaccumulated in the cells with Ͼ4 N DNA content. This was confirmed by the slot blot hybridization experiments, which showed that viral DNA, but not cellular DNA, increased strikingly in Sf9 cells during the infection with AcNPV. These results indicate that AcNPV targets at least two different checkpoints to prevent normal cell-cycle progression of Sf9 cells and that neither viral DNA replication nor expression of viral late genes is a necessary prerequisite for such AcNPV-induced cell-cycle arrest. It is suggested that the cell-cycle arrest in AcNPV-infected Sf9 cells is an event triggered early in infection by specific interaction of viral gene products with cellular components that regulate cell-cycle progression.
INTRODUCTION
Nucleopolyhedroviruses (NPVs), a member of the family Baculoviridae, are large entomoviruses that contain a double-stranded, covalently closed circular DNA genome of ϳ90-160 kb and exhibit a rod-shaped complex structure consisting of minimum 14 structural polypeptides (Volkman et al., 1995; Funk et al., 1997) . A complete nucleotide sequence of the genomic DNA was determined so far in three different NPVs derived from Autographa californica (AcNPV) (Ayres et al., 1994) , Orgyia pseudotsugata (OpNPV) (Ahrens et al., 1997) , and Bombyx mori (BmNPV) (Gomi, 1998) and revealed that the NPV genomes contain Ͼ150 putative genes. These genes are classified into four temporal classes, immediate early, delayed early, late, and very late genes, whose expression is coordinately regulated in a cascade fashion at the level of transcription (Friesen, 1997; Lu and Miller, 1997) . Such complex genomes of NPV encode DNA polymerase (Tomalski et al., 1988; Bjornson et al., 1992; Chaeychomsri et al., 1995; Liu and Carstens, 1995; Ahrens and Rohrmann, 1996) , DNA helicase (Lu and Carstens, 1991; Ahrens and Rohrmann, 1996; Heldens et al., 1997) , and proliferating cell nuclear antigen (PCNA) (O'Reilly et al., 1989) , implying the ability of NPVs to replicate in the cells that are not expressing genes involved in DNA replication. However, functional interactions among multiple viral and cellular proteins involved in NPV replication have not been well characterized.
Previous studies have demonstrated that replication of NPV in the cell cultures is affected by a number of factors that affect the physiology of host cells, including phase of cell growth and cell density in the culture as well as nutritional conditions of the medium (cf. Vaughn and Dougherty, 1985; Volkman and Knudson, 1986) . These studies collectively indicate that NPV replicates more efficiently in the cultures with actively proliferating cells than in the cultures with nonproliferating quiescent cells. In addition, it has long been recognized that growth of cells in the cultures is arrested after the infection with NPV (Vail et al., 1973; Knudson and Tinsley, 1974; Volkman et al., 1976) , indicating that NPV-infected cells are impaired in their ability to progress through the cell cycle. These facts imply that NPVs regulate cell-cycle progression to exploit specific cellular functions for their maximized replication.
Cell-cycle perturbation has been shown to be caused by a number of viruses including parvoviruses, polyomaviruses, adenoviruses, herpesviruses, and retroviruses (cf. Op De Beeck and Caillet-Fauquet, 1997) . The perturbation of the cell cycle due to virus infection, which includes stimulation of cell-cycle progression in quiescent cells and blockade of cell-cycle progression in proliferating cells, has been considered to be a unique strategy for the creation of an intracellular environment to acquire maximized replication of viral DNA, and the strategies employed by viruses for the manipulation of cell-cycle progression are different according to the complexity of viral genomes (cf. Op De Beeck and Caillet-Fauquet, 1997) .
Little is known of the cell-cycle-related interactions between NPV and host cells. A previous study showed that TN-368 cells during the middle and late S phases were more sensitive to AcNPV infection than the cells in the G2 phase, although ultimate yields of infectious virions and polyhedra were not significantly different among cultures infected at different phases of the cell cycle (Lynn and Hink, 1978) . In the suspension cultures, circumstantial evidence indicated that AcNPV multiplication was enhanced when the Sf9 cells were infected in the S phase (Kioukia et al., 1995) . Recently it was shown that Sf9 cells infected with AcNPV and Sf21 cells transfected with the AcNPV ie2 gene were arrested in the G2/M and S phases, respectively Prikhod'ko and Miller, 1998) , suggesting a cell-cycledependent strategy of NPV replication. Investigating the cell-cycle-related interactions between NPV and host cells is fundamental not only to facilitate understanding of the role of cellular factors involved in NPV replication but also to provide efficient in vitro NPV production systems for microbial pest control.
In the present study, we examine cell-cycle progression in AcNPV-infected Sf9 cells using cultures partially synchronized by aphidicolin exposure and deprivation. Our results demonstrate that cells infected during the G1 or S phase are arrested in the S phase, whereas cells infected during the G2/M phase fail to undergo mitosis, suggesting that AcNPV targets at least two different checkpoints to perturb normal cell-cycle progression. Experiments with an AcNPV temperature-sensitive (ts) mutant defective in viral DNA replication indicate that neither viral DNA replication nor viral late gene expression is a necessary prerequisite for AcNPV-induced cell-cycle arrest. It is thus suggested that the cell-cycle arrest in AcNPV-infected Sf9 cells is an event triggered early in infection by specific interaction between viral and cellular gene products.
RESULTS

Synchronization of Sf9 cells with aphidicolin
Monolayer cultures of Sf9 cells were incubated with aphidicolin at concentrations of 0, 0.2, 0.5, 1, and 5 g/ml, and at intervals until 22 h of incubation, Sf9 cells were analyzed by flow cytometry (Fig. 1) . In the medium without added aphidicolin, cell populations in the G1, S, and G2/M phases did not change significantly throughout the experiment, indicating that unsynchronized Sf9 cell culture had ϳ26-31% of the cells in the G1 phase, 31-38% in the S phase, and 34-38% in the G2/M phase. In contrast, when incubated with 0.5 g/ml of aphidicolin, the percentage of Sf9 cells in the G1 phase increased rapidly to ϳ57% at 10 h and then gradually to 66% at 22 h, whereas cells in the G2/M phase decreased continuously to ϳ8% at 22 h. The percentage of cells in the S phase also decreased very slowly from 31.3 to 26.7% during the incubation with aphidicolin for 22 h. Cultures incubated with aphidicolin at 1 and 5 g/ml followed similar changing patterns of cell-cycle phase distribution to that of the cultures treated with 0.5 g/ml of aphidicolin. In the cultures with 0.2 g/ml of aphidicolin, cells in the G1 phase also increased to Ͼ60% of the total cells in 14 h, but the peak of the G1 phase cells became broader with an incubation time Յ14 h; this suggested that the cell-cycle arrest in the G1 phase was incomplete (data not shown).
To examine if the Sf9 cells arrested in the G1 phase by aphidicolin treatment synchronously resume the cell cycle, Sf9 cells preincubated with 0.5 g/ml of aphidicolin for 15 h were washed thoroughly and incubated for 25.5 h in fresh medium without aphidicolin. Upon deprivation of aphidicolin, the cell cycle progressed synchronously from the G1 to S phase in 4 h and Ͼ70% of the cells entered into the G2/M phase by 10 h (Fig. 2) . Cells in the G2/M phase then decreased rapidly to a minimum of 30% at 18 h. A second-round oscillation of cell-cycle phase distribution started at ϳ16 h and proceeded in a less synchronous manner (Fig. 2B) . From these results, culture doubling time was estimated to be ϳ16 h and the duration of the G1, S, and G2/M phases was estimated to be ϳ4, 6, and 6 h, respectively, under the culture conditions used. Our data suggested that Sf9 cells in monolayer culture had shorter cell-cycle parameters than those in suspension culture in which doubling time of the cells was ϳ20 h, with G1, S, and G2/M phase durations of 6, 6, and 8 h, respectively .
Effect of AcNPV on Sf9 cell cycle
Effect of AcNPV infection on the cell-cycle phase distribution was examined in the Sf9 cells partially synchronized in the G1, S, and G2/M phases by aphidicolin exposure and deprivation. Monolayer cultures of Sf9 cells were incubated with 0.5 g/ml of aphidicolin for 15 h to synchronize the cells in the G1 phase. Cultures containing Ͼ65% of the cells in the G1 phase were mock-infected or infected with AcNPV and incubated in fresh medium without aphidicolin. In mock-infected Sf9 cells, cell-cycle distribution and DNA histogram changed in a synchronous manner similar to those in Fig. 2 (Fig.  3) . Profiles of DNA histograms of AcNPV and mockinfected cells were comparable until 4 h p.i. but differed strikingly from each other from 6 h p.i. onward. In AcNPVinfected cultures, cells in the G1 phase did not enter into the G2/M phase throughout the experiment, although there was a progressive shift of cells from G1 to S phase. In addition, cells with Ͼ4 N DNA content appeared and increased in amount from 8 h p.i. in the AcNPV-infected cultures. Two lines of evidence from the experiments described below (cf., Figs. 5-7) indicated that the overaccumulation of DNA in these cells was due to viral DNA synthesized in the infected cells rather than due to cellular DNA replicated without mitosis.
To monitor cell-cycle progression in the cells infected with AcNPV in the G2/M phase, monolayer cultures of Sf9 cells were treated for 15 h with 0.5 g/ml of aphidicolin and then incubated for 10 h in fresh medium without aphidicolin. Cultures containing Ͼ70% of cells in the G2/M phase were infected with AcNPV, incubated with fresh medium without aphidicolin, and analyzed by flow cytometry until 10 h p.i. (Fig. 4) . In mock-infected cultures,
FIG. 1.
Aphidicolin-induced Sf9 cell-cycle arrest in the G1 phase. Sf9 cells were incubated in the medium with 0 g/ml (A) or 0.5 g/ml of aphidicolin (B). Cells were harvested from the cultures at the indicated times and processed for flow cytometry analysis. The cell-cycle phase distribution of 1 ϫ 10 4 cells is shown as the relative DNA content depicted as PI fluorescence intensity and number of cells. The G1, S and G2/M peaks are indicated. On the basis of DNA histograms in (A) and (B), the percentage of cells in G1 (F), S (OE), and G2/M (E) phases was calculated by using MPLUS (Coulter) and is shown in (C) and (D), respectively. cells in the G2/M phase decreased continuously throughout the experiment with a concomitant increase in the cells in the G1 phase, and a peak of G1 phase cells in the DNA histogram became clearly observed at 4 h after mock infection. Taking into account the 6-h duration of the G2/M phase (Fig. 2B ), this result indicated that the mock-infected cells at 10 h after the release from aphidicolin blockade were in the middle of the G2/M phase. In AcNPV-infected cultures, G2/M phase cells remained at a level of 70-75% until 6 h p.i. and then increased. No clear peak specified by G1 phase cells was observed throughout the experiment, indicating that AcNPVinfected cells in the G2/M phase fail to undergo mitosis.
Cell-cycle progression was also examined in the cells infected with AcNPV in the S phase. Cultures containing Ͼ75% cells in the S phase (cf., Figs. 2A and 3A), which had previously been treated for 15 h with 0.5 g/ml of aphidicolin and then incubated for 3 h in drug-free medium, were infected with AcNPV and analyzed at intervals by flow cytometry. DNA histograms showed that the cells infected with AcNPV in the S phase remained in the S phase for Յ10 h (data not shown).
Effect of ts8 on Sf9 cell cycle
Observations described above in Sf9 cells infected with wild-type (wt) AcNPV showed that cell-cycle perturbation by virus infection occurred at early stages of virus infection, suggesting that products of early viral genes were responsible for the observed host cell-cycle arrest. To corroborate such a suggestion and to offer evidence that the DNA overaccumulated in the cells with Ͼ4 N DNA content was derived from viruses, we conducted experiments with a ts mutant of AcNPV, ts8, that was defective in viral DNA synthesis at nonpermissive temperature (Erlandson et al., 1984; Gordon and Carstens, 1984) . Consistent with earlier results, our results from slot blot hybridization experiments using AcNPV ie1 gene as the probe showed that ts8 was defective in viral DNA synthesis at 33°C but synthesized considerable amount (ϳ1/2.5 of that in wt-infected cells) of viral DNA at 25°C (data not shown).
Sf9 cell cultures were partially synchronized in the G1 phase by the aphidicolin exposure as described above. These partially synchronized cultures were infected with ts8, incubated at 33 or 25°C, and then analyzed by flow cytometry (Fig. 5) . The results showed that ts8 infection arrested the cell cycle in the S phase irrespective of the incubation temperatures of infected cells. In addition, it was also shown that cells with Ͼ4 N DNA content were not detected in ts8-infected cultures at 33°C, whereas ts8-infected cultures incubated at 25°C and wt-infected cultures incubated at 33 and 25°C contained cells with Ͼ4 N DNA content.
The effect of ts8 infection was also examined in the cultures partially synchronized in the G2/M phase. As in the case of wt-infected cells, the results indicated that ts8-infected cells were arrested in the G2/M phase as evidenced by no increase in the peak of G1 phase cells and no shift of the G2/M phase cell peak during the infection Յ24 h p.i. (Fig. 6) . Cells with Ͼ4 N DNA content were not observed in the cultures infected with ts8 and incubated at 33°C (Fig. 6C) , whereas a number of cells with Ͼ4 N DNA content appeared in both ts8-infected cultures at 25°C and wt-infected cultures at 33 and 25°C, again indicating the viral origin of the DNA overaccumulated in these cells.
Viral and cellular DNA changes in AcNPV-infected Sf9 cells
To offer corroborating evidence for the viral origin of the DNA overaccumulated in the cells with Ͼ4 N DNA content, slot blot hybridization analysis of viral and cel- FIG. 3 . Effect of AcNPV infection on cell-cycle progression in Sf9 cells infected during the G1 phase. Cultures of Sf9 cells were incubated in the medium containing 0.5 g/ml of aphidicolin for 15 h. After aphidicolin treatment, cultures were washed thoroughly with drug-free medium and mock-infected (A) or infected with AcNPV (m.o.i. of 5; B). At the indicated times p.i., cells were subjected to flow cytometry analysis. Based on DNA histograms in (A) and (B), the percentage of the cells at the G1 (F), S (OE), and G2/M (E) phases was estimated by using MPLUS (Coulter) and is shown in (C) and (D), respectively. lular DNA was carried out in the same infected cells used for flow cytometry analysis in Figs. 5 and 6. Monolayer cultures of Sf9 cells partially synchronized in the G1 or G2/M phase by the procedures described above were mock-infected or infected with either ts8 or wt of AcNPV and incubated at 33°C. At intervals, total DNA was obtained from the infected cultures by NaI treatment and subjected to slot blot analysis using parts of Spodoptera frugiperda actin gene and AcNPV ie1 gene as the probes for cellular and viral DNA, respectively. No significant increase in cellular DNA was observed in either wt-and ts8-infected cultures until 24 h p.i., whereas cellular DNA in mockinfected cultures increased approximately twice during the same period of time (Fig. 7) . Viral DNA in wt-infected cul- 
DISCUSSION
It has recently been shown that AcNPV interacts with Sf9 cells to arrest cell-cycle progression in the G2/M phase . A recent study using transient transfection assay has also shown that AcNPV ie2 gene, an immediate early gene, was sufficient to arrest Sf21 cell cycle in the S phase (Prikhod'ko and Miller, 1998). Consistent with these observations, our results in the present study showed that AcNPV had the potential to induce cell-cycle arrest in Sf9 cells. In addition, we found that the phases of cell cycle arrested by AcNPV infection were dependent upon the phases of cell cycle at virus infection. In the partially synchronized cultures, flow cytometry analysis showed that Sf9 cells infected with AcNPV in the G2/M phase were unable to undergo mitosis, whereas cells infected in the G1 or S phases resulted in cell-cycle arrest in the S phase. These results suggest that AcNPV targets at least two different checkpoints to prevent normal cell-cycle progression of Sf9 cells.
Aphidicolin, an inhibitor of replicative DNA polymerase of eukaryotic cells, has been successfully adapted to achieve highly synchronized populations of growing eukaryotic cells (Pedrali-Noy et al., 1979; Spadari et al., 1982; Matherly et al., 1989) . In the cultures of Sf9 cells, Ͼ60% of cells exposed simply to aphidicolin were initially accumulated in the G1 phase in 15 h, and then a large cohort of cells progressed in a synchronous fashion from G1 into G2/M phase upon release from the 15-h blockade with aphidicolin, resulting in an accumulation of Ͼ70% of cells in the G2/M phase during a period of 10 h. The degree of cell-cycle synchronization achieved by aphidicolin exposure and deprivation was somewhat less than satisfactory, yet such partial synchronization of cells made it possible to characterize the AcNPV-induced cell-cycle arrest to be an event that occurred early in virus infection. Our results in partially synchronized cultures clearly showed that the cells infected with Ac-NPV in the G1 phase progressed synchronously and were arrested in the S phase within 6 h after the infection and that the cells infected in the G2/M phase remained in the G2/M phase during a period of 10 h under the culture conditions in which mock-infected cells reentered the cell cycle after an initial lag period of 4 h. These results indicate that the cell-cycle arrest observed in AcNPV-infected Sf9 cells is not a consequence of overall cellular damage by virus infection but an event triggered early in infection by the specific interaction of viral gene products with cellular components that were responsible for the regulation of cell-cycle progression.
Cell-cycle perturbation was also observed in the cells infected with ts8 and incubated at 33°C. ts8 is a temperature-sensitive mutant that is defective in viral DNA synthesis due to a single amino acid change in the DNA helicase gene (p143) (Lu and Carstens, 1991) and synthesizes only three early polypeptides in the infected cells at the nonpermissive temperature without production of any detectable amount of polypeptides from viral late genes (Gordon and Carstens, 1984) . These results indicate that synthesis of viral DNA or viral late gene products is not a necessary prerequisite for such cellcycle arrest. In conjunction with the fact that the cellcycle perturbation by AcNPV is triggered early in infection, it seems probable that cell-cycle arrest by AcNPV is mediated by early gene products of the viruses. This idea is consistent with the finding that ie2 is involved in the arrest of cell-cycle progression in the transfected cells (Prikhod'ko and Miller, 1998) .
It has been demonstrated that AcNPV infection induces a drastic rearrangement of microtubules and microfilaments that serve as major components of cytoskeleton. In the infected cells, microtubules arising from tubulin first reorganize in response to early virus gene product synthesis and then depolymerize in response to late virus gene product synthesis (Volkman and Zaal, 1990) . Three sequential actin microfilament rearrangements occur in the infected cells: thick cable formation during virus penetration, ventral aggregate formation before viral DNA replication, and nuclear microfilament formation during nucleocapsid morphogenesis (Charlton and Volkman, 1991) . A recent study demonstrated that an early viral gene, designated arif-1 (actinrearrangement-inducing factor 1) and expressed abundantly at 4-6 h p.i., is responsible for the formation of ventral aggregates of actin (Roncarati and KnebelMorsdorf, 1997) . On the basis of these facts together with the important functional roles of the cytoskeleton in normal cellular processes including cell cycling (Desai and Mitchison, 1997; Schmidt and Hall, 1998) , it is tempting to speculate that cell-cycle arrest observed in AcNPVinfected Sf9 cells is attributable to such rearrangement of cytoskeletons.
Cells with Ͼ4 N DNA content were observed in the Sf9 cultures infected with AcNPV. Similar cells with Ͼ4 N DNA content have been shown to accumulate in the cultures infected with a variety of viruses, including adenovirus (Grand et al., 1998) , cytomegalovirus (Jault et al., 1995) , simian virus 40 (SV40) (Scarano et al., 1994) , papillomavirus (Belyavski et al., 1996; Dittmer and Mocarski, 1997) , and human immunodeficiency virus type 1 (Bartz et al., 1996) . In AcNPV-infected cultures, cells with Ͼ4 N DNA accumulated irrespective of the cell-cycle phase at infection, indicating that synthesis of DNA overaccumulated in the cells with Ͼ4 N DNA content occurred independently of the cell-cycle phases in arrest. Two lines of evidence in the present study indicated that the DNA overaccumulated in AcNPV-infected cells with Ͼ4 N DNA content was of viral origin. First, cells with Ͼ4 N DNA content did not accumulate in the ts8-infected cultures at the nonpermissive temperature. Second, slot blot hybridization analysis showed that in AcNPVinfected cells, no significant increase in cellular DNA was observed while viral DNA increased strikingly with the times p.i. These results confirm the previous finding that viral DNA synthesis is achieved in the cells that fail to synthesize their own genomic DNA.
Our finding that the DNA overaccumulation in infected cells is viral in origin agrees with that obtained previously in AcNPV-infected suspension cultures of Sf9 cells but is inconsistent with that obtained in ie2-transfected Sf21 cells in which cellular DNA is synthesized continuously without mitosis (Prikhod'ko and Miller, 1998) . The difference between our finding and that of Prikhod'ko and Miller (1998) likely reflects the difference in the mode of viral gene expression between AcNPV-infected cells and ie2-transfected cells; i.e., multiple early genes are simultaneously expressed in the infected Sf9 cells, whereas only the ie2 gene is transiently expressed in transfected Sf21 cells. In conjunction with the fact that IE2 protein does block cell-cycle progression in the S phase but does not block cellular DNA replication, these results suggest that viral early gene(s) other than ie2 gene plays an important role in the blockade of cellular DNA replication in virusinfected cells.
The underlying mechanism of cell-cycle arrest in the S and G2/M phases caused by AcNPV infection remains to be explored. Cell-cycle progression is a tightly regulated process, and current understanding in mammalian cells indicates that cyclins A and B regulate the S and G2/M phases of the cell cycle (Sherr, 1993; Hartwell and Kastan, 1994) . Cyclin A physically interacts with and activates cyclin-dependent kinase 2 (cdk2) to ensure completion of cellular DNA replication before the onset of mitosis. Cyclin B, on the other hand, forms a complex with cell division cycle 2 (cdc2), or cdk1, and regulates both entry and exit of mitosis in such a way that activation of cdc2 by removing the inhibitory phosphates from the cyclin B/cdc2 complex triggers entry into mitosis, whereas inactivation of kinase activity of cdc2 due to ubiqutin-mediated degradation of cyclin B during anaphase triggers exit from mitosis (Sherr, 1993) . Consistent with these pictures in mammals, AcNPV infection induces high levels of both cdc2-associated histone H1 kinase activity and cyclin B protein concomitantly with the accumulation of cells in the G2/M phase . At the late stage of infection, however, cyclin B is no longer detected, whereas cdc2-associated histone H1 kinase remains active owing to the viral-encoded multifunctional cyclin, which can associate with either cdc2 or cdk6 to form active kinase complexes Braunagel et al., 1998) . In our preliminary study in partially synchronized cultures, immunoblot analysis showed that cdc2 protein in the nucleus of Sf9 cells decreased to a negligible level during the infection with AcNPV (Ikeda, unpublished data), suggesting the important role of nuclear cdc2 in the cellcycle arrest of AcNPV-infected Sf9 cells. Detailed molecular basis for the AcNPV-induced cell-cycle arrest awaits further investigation.
MATERIALS AND METHODS
Cell, viruses, and infection
Sf9 cells derived from Spodoptera frugiperda were grown in monolayer at 28°C in Grace's medium (Gibco BRL) supplemented with 10% fetal bovine serum. Exponentially growing Sf9 cells (2 ϫ 10 6 cells) were seeded in a 25-cm 2 culture flask (Nunc), and the cultures were incubated for ϳ6 h before use. The E2 clone (Smith and Summer, 1978) and ts8 mutant (a generous gift from Prof. Carstens) (Erlandson et al., 1984; Gordon and Carstens, 1984) of Autographa californica nucleopolyhedrovirus (AcNPV) were used in these experiments. ts8 is a temperature-sensitive (ts) mutant that is defective in DNA replication at nonpermissive temperature. Sf9 cells unsynchronized or partially synchronized by aphidicolin exposure and deprivation were infected with AcNPV at a m.o.i. of 5 plaque forming units (PFU) per cell, and viruses were allowed to adsorb onto the cells for 1 h at room temperature. Infected cultures were washed twice with the medium and incubated in fresh Grace's medium at 28°C. The cultures infected with ts8 were incubated either at 33 or 25°C. Time 0 was defined at the time when the virus inoculum was removed and incubation in the fresh medium was started.
Aphidicolin treatment
Aphidicolin (Wako, Osaka, Japan) dissolved in dimethyl sulfoxide at a concentration of 10 mg/ml was used as a stock solution, and Sf9 cells in a 25-cm 2 culture flask were treated with a medium containing aphidicolin at desired concentrations. Release of cells from aphidicolin blockade was accomplished by washing the cells three times with drug-free medium followed by incubation in the fresh medium.
Flow cytometry analysis
Sf9 cells in a 25-cm 2 culture flask were scraped by rubber policeman, collected into centrifuge tubes, and washed three times with phosphate-buffered saline (PBS, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl). These cells were then suspended in 0.5 ml of PBS, fixed in 4 ml of ice-cold 70% ethanol, and kept at 4°C for Ն2 h. Fixed cells were washed three times with PBS and treated at 37°C for 20 min with 0.5 ml of RNase A (1 mg/ml in 0.1 M Tris-HCl, pH 7.5, containing 15 mM NaCl; Boehringer Mannheim). After pelleting, cells were suspended in 1 ml of ice-cold propidium iodide (PI) (0.1 mg/ml PBS containing 0.1% sodium citrate; Wako, Osaka, Japan), incubated at 4°C for 10 min, and then filtrated through a nylon membrane (200 mesh). Cells stained with PI were analyzed on EPICS XL-MCL (Coulter). At least 1 ϫ 10 4 cells were counted in each assay and cell-cycle phases were analyzed by MPLUS software (Coulter).
Slot blot analysis of cellular and viral DNA
Sf9 cells infected with wt or ts8 of AcNPV were collected at the designated times p.i., and 2 ϫ 10 4 cells were processed for slot blot analysis according to the procedure of Morris and Miller (1993) and Bresser and Gillespie (1983) . Briefly, cells were centrifuged at 10,000 g for 15 min, and the resultant pellets were suspended in 200 l of distilled water. Heated supersaturated NaI (162 l) was added to the suspension, and the mixture was boiled for 10 min. After chilling on ice, the mixture diluted with TE was blotted onto a Hybond Nϩ nylon membrane (Amersham) with the aid of Milliblot-S (Millipore). A known amount of AcNPV DNA and Sf9 cellular DNA was also blotted on the membrane as standard for DNA quantification. The membrane was incubated successively in 1.5 M NaCl-0.5 M NaOH and 1.5 M NaCl-0.5 M Tris-HCl, pH 7.2, containing 1 mM EDTA, and then fixed in 0.4 M NaOH. After washing with 5ϫ SSPE, the membrane was incubated in prehybridization solution and hybridized with fluorescein-labeled DNA probes according to the protocol of Gene Images CDP-Star detection module (Amersham).
For AcNPV DNA specific probe, a 1383-bp EcoRV-AccI fragment of AcNPV ie1 gene was used. For a probe specific to Sf9 cellular DNA, a 224-bp cytoplasmic actin gene fragment was employed. The actin gene fragment was amplified by PCR with Sf9 cellular DNA as a template and two synthetic oligonucleotides, 5Ј-ATCAAG-GAGAAGCTGTGCTA-3Ј and 5Ј-CACTTCATGATGGAGTT-GTA-3Ј, as primers which were designed for Bombyx mori actin gene (Mounier and Prudhomme, 1986; Niimi et al., 1993) . Nucleotide sequence analysis revealed that the 224-bp DNA fragments amplified in the present study showed 95 and 92% identities to Helicoverpa armigera cytoplasmic actin gene (Rourke and East, 1997) and B. mori cytoplasmic actin A4 gene (Mounier and Prudhomme, 1986 ), respectively. Fluorescein-labeled probe hybridized was detected by Gene Images CDP-Star detection module (Amersham) and chemiluminescence was monitored and analyzed by Lumi-Imager F1 Workstation (Boehringer Mannheim).
